Multiple myeloma (MM) is an as-yet incur
Introduction
Multiple myeloma (MM) is a B-cell malignancy characterized by the accumulation of malignant plasmablasts/plasma cells in the bone marrow. Although recent therapeutic advancements have resulted in improved clinical outcomes and prolonged survival of patients with MM, 1 complete remission is almost never achieved, and the disease is still considered to be incurable. New therapeutic strategies, as well as new insights regarding existing treatments, are therefore imperative.
Because MM can be characterized as a tumor composed of long-surviving rather than fast-growing malignant cells, the therapy efficacy is highly dependent on the possibility of circumventing antiapoptosis signals. It is therefore important to delineate the pathways involved in the control of MM survival and death to identify possible molecular targets of intervention. We have previously reported that MM cells are highly resistant to Fasmediated apoptosis, but that they may be resensitized to such induction by pretreatment with interferon-␣ (IFN-␣) or IFN-␥. 2 The benefit of IFNs in MM treatment is under debate due to the diverse response to therapy in different patients, 3 as well as reports on adverse effects. [4] [5] [6] Nevertheless, the greatest therapeutic potential of the IFNs may be achieved in combination with other therapeutic agents. An elucidation of the mechanisms underlying the ability of IFNs to sensitize MM cells for apoptosis may lead to an increased understanding of the nature of the resistance of MM cells to apoptosis and ultimately contribute to the design of improved strategies in the treatment of MM.
Apoptosis may be triggered by 2 converging pathways (for a review, see Hengartner 7 ). Binding of death receptors of the tumor necrosis factor receptor family, including Fas, by the corresponding ligand induces trimerization and receptor activation. This activation enables recruitment of caspase-8 to Fas-associating proteins with death domain (FADD), which induces cleavage and activation of caspase-8, ultimately leading to activation of caspase-3. A parallel pathway, the mitochondrial pathway, involves the activation and deactivation of proapoptotic and antiapoptotic B-cell lymphoma (Bcl-2) family members and converges with the death receptor pathway at the level of caspase activation. Potentially, IFN treatment may target the function or expression of components of these apoptotic pathways.
Both IFNs and interleukin 6 (IL-6), an important survival factor in MM, activate signal transducer and activator of transcription (Stat) proteins, a family of transcription factors that have been associated with regulation of growth and survival of hematopoietic cells. 8 On ligand binding, Stat proteins are tyrosine phosphorylated by Janus-activated kinases associated with the receptor, heterodimerize or homodimerize, translocate to the nucleus, and activate transcription of specific genes. 9 Additional transcriptional control is mediated by phosphorylation of a conserved serine residue present in Stat1, Stat3, Stat4, Stat5a, and Stat5b. 10 Stat3 is constitutively activated in a number of human cancers 11 and has been implicated as a crucial mediator of the prosurvival function of IL-6 in MM cell lines, targeting the antiapoptotic protein Bcl-X L . 12, 13 In contrast, Stat1, which is activated by IFNs, has been attributed an important role in promoting apoptosis. [14] [15] [16] [17] Intriguingly, several reports suggest that Stat3 and Stat1 may counteract the effects of each other. [18] [19] [20] Of particular interest for MM, Stat1 and Stat3 were shown to exert opposing effects on the transcription of Bcl-2 family members Bcl-2 and Bcl-X L . 20 To determine the mechanism of IFN-induced sensitization to Fas-mediated apoptosis in MM, we investigated the effect of IFNs on the expression of candidate apoptosis-related genes. In a screening to identify IFN-regulated target genes, Apo2L/TRAIL and Fas were found to be transcriptionally regulated by IFNs. Blocking Apo2L/TRAIL had no apparent effect on IFN-induced sensitization of Fas-mediated apoptosis, suggesting that the Apo2L/ TRAIL up-regulation may not be directly involved in this process. In contrast, although U-266-1970 cells already express a considerable basal level of Fas, we found that an increased level of Fas expression per se sensitizes U-266-1970 cells to Fas-mediated apoptosis. We also investigated the activity of Stat3 and found that IFNs inhibited the IL-6-induced activation of Stat3, indicating an additional level at which IFNs can affect the survival of MM cells.
Patients, materials, and methods

Cell lines and primary cells
The IL-6-dependent MM cell lines U-266-1970 21, 22 and U-1958 23 were maintained at 37°C in 5% CO 2 in RPMI 1640 medium (Sigma Biosciences, St Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Grand Island, NY), 2 mM glutamine, and antibiotics (penicillin 100 U/mL, streptomycin 50 g/mL; Sigma Biosciences). Cells were routinely grown on a layer of the IL-6-producing human fibroblast line AG1523 (Human Mutant Genetic Cell Repository, Camden, NJ) or in medium supplemented with 20 U/mL IL-6 (R&D Systems Europe, Abington, United Kingdom). Experiments were performed on exponentially growing cells, induced by IL-6 (R&D Systems Europe) alone or in combination with IFN-␥ (a kind gift from Dr Adolf, Bender, Vienna, Austria) or IFN-␣2b (Schering-Plough, Madrid, Spain). Heparinized bone marrow samples were obtained from patients with newly diagnosed MM or relapsed disease. Mononuclear cells were isolated by Ficoll-Paque Plus Density Sedimentation (Amersham Biosciences, Uppsala, Sweden) and subjected to positive selection using magnetic-activated cell sorting (MACS) CD138 MicroBeads and MACS LS separation columns (Miltenyi Biotec, Paris, France). Purified tumor cells (Ͼ 95% plasma cells as determined by May-Grünwald-Gimsa staining) were seeded at 0.5 to 1 ϫ 10 6 cells/mL followed by addition of indicated reagents. Analysis of the number of viable cells was performed using the resazurin assay as previously described. 24 The study was conducted in accordance with the Helsinki protocol and approved by the local ethics committee. Approval was obtained from the regional ethics committee Dnr 2004:M-332 for these studies. Informed consent was obtained from all patients.
RPA
Cells were harvested and total RNA (5 g/sample) was isolated using the RNAgents Total RNA Isolation System (Promega, Madison, WI). Ribonuclease protection assays (RPAs) were performed according to the manufacturer of RiboQuant Multi-Probe RNase Protection Assay System (PharMingen, San Diego, CA) using ␣-[ 32 P]UTP-labeled (Sigma) probes. Multiprobe template human (h) hAPO-2c, hAPO-3b, hAPO-3c, and hAPO-6 (PharMingen) were used to analyze expression of apoptosisrelated genes. Four independent experiments were performed with U-266-1970 cells and template hAPO-3c and 3 with U-1958. For each template, hAPO-2c, hAPO-6, and hAPO-3b, 2 independent experiments with U-266-1970 were performed. Quantifications were performed on representative RPAs using glyceraldehyde phosphate dehydrogenase (GAPDH) and L32 as internal standards in a Fujix Bio-imaging Analyzer Base 2000 (Fuji, Stockholm, Sweden).
Quantitative real-time PCR
Primary CD138 ϩ plasma cells (0.5-1 ϫ 10 6 ) from patients with MM were treated as indicated for 24 hours immediately following purification. Total cellular RNA was isolated using TRIzol reagent (Life Technologies, Paisley, United Kingdom). RNA quantity and quality was analyzed using the RNA 6000 Nano Assay, (Agilent Technologies, Waldbronn, Germany). cDNA was prepared by First-Strand cDNA Synthesis using SuperScript III for reverse transcription-polymerase chain reaction (RT-PCR; Invitrogen, Carlsbad, CA). The mRNA expression levels of Fas/Apo1, TRAIL/Apo2L, and ␤-actin were quantified using TaqMan gene expression "Assays on Demand" (ID Hs00531110 m1, Hs00234355 m1). Quantitative real-time PCR was performed using TaqMan Universal Master Mix. Thermal cycling conditions were 95°C for 10 minutes, 40 times (95°C for 15 seconds, 60°C for 60 seconds). Relative mRNA expression was calculated using the comparative cycle time method. 25 
Western blotting
Cells were harvested and washed in phosphate-buffered saline (PBS); lysates were prepared and analyzed by Western blot as previously described. 24 Primary antibodies used were ␣-TRAIL (66251A; PharMingen), 
Analysis of apoptosis and Fas protein expression by flow cytometry
Cells were incubated with 20 U/mL IL-6 alone or in combination with 1000 U/mL IFN-␥ or 1000 U/mL IFN-␣, agonistic anti-Fas antibody CH-11 (100 ng/mL; Immunotech, Marseilles, France) recombinant human (rh) TRAIL-R1:Fc (Fc-DR4; 0.5 mg/mL; Alexis), isotype-specific control immunoglobulin (Ig) M (X-0942, 100 ng/mL), or recombinant Apo2L/TRAIL [26] [27] [28] (50 ng/mL, a kind gift from Genentech, San Francisco, CA and Immunex, Seattle, WA) as indicated. The percentage of annexin V ϩ /propidium iodine-negative (PI Ϫ ) apoptotic cells was measured on a FACScan flow cytometer and analyzed with CellQuest software (Becton Dickinson, San José, CA), using the annexin V, Alexa fluor 647 kit (Molecular Probes, Eugene, OR). Fas expression was determined by flow cytometry, using a primary antibody against Fas (UB2, 10 g/mL; Immunotech), together with a secondary, fluorescein isothiocyanate (FITC)-conjugated antibody (F-0479, 30 g/mL; Dako, Glostrup, Denmark) or an allophycocyanin (APC)-labeled secondary antibody (BD Biosciences, Palo Alto, CA).
Caspase-8 activity assay
U-266-1970 cells were incubated with 20 U/mL IL-6 alone or in combination with 1000 U/mL IFN-␥ or 1000 U/mL IFN-␣ for 96 hours and were then either treated with CH-11 (100 ng/mL) or with isotype-specific control IgM (100 ng/mL) for 6 hours. Then, 2.5 ϫ 10 6 trypan blue-excluding cells from each sample were collected and lysed. Caspase-8 activity was determined using the BD ApoAlert caspase colorimetric assay kit (BD Biosciences). As controls, samples without substrate and samples incubated with a caspase-8 inhibitor (BD Biosciences) were included (data not shown).
Determination of Fas expression in living cells treated with agonistic anti-Fas antibody CH-11
U-266-1970 cells were incubated with IL-6 (20 U/mL) alone or in combination with IFN-␥ (1000 U/mL) for 96 hours, followed by a 24-hour incubation with CH-11 (100 ng/mL) or isotype-specific control IgM (100 ng/mL). The Fas expression of annexin V Ϫ /PI Ϫ cells remaining after IFN preincubation followed by CH-11 treatment was determined by flow cytometry as described (see "Analysis of apoptosis and Fas protein expression by flow cytometry").
Sorting of cells according to Fas expression
U-266-1970 cells were preincubated with IL-6 and stained with UB-2 anti-Fas antibody and FITC-conjugated secondary antibody as described. The cells were sorted by flow cytometry according to Fas expression and divided into 3 groups designated "high Fas" (comprising the upper 25%), "low Fas" (the lower 25%), and "all Fas" (excluding only PI ϩ cells). After 96 hours, the cells were treated with CH-11 or IgM overnight. The proportion of apoptotic cells and the Fas expression were determined by flow cytometry as described (see "Analysis of apoptosis and Fas protein expression by flow cytometry").
Plasmids
The pcDNA3.1-CD95 plasmid (designated pcDNA3-Fas) was a kind gift from Dr T. H. Landowski. 29 The empty pcDNA3.1 vector was used as a negative control, and pcDNA3.1.EGFP expressing green fluorescent protein (GFP) was used as a marker for transfection.
Transfections
The cells were transfected using the Amaxa Nucleofector apparatus (Amaxa, Cologne, Germany). Briefly, 2 ϫ 10 6 U-266-1970 cells were grown without antibiotics for 24 hours, washed once in cold PBS, and resuspended in 100 L electroporation buffer R with 3 g pcDNA3-Fas or empty vector, together with 1 g pcDNA3. 1 .EGFP. The cell suspension was transfected using program U-05. In a separate experiment, pcDNA3-Fas was substituted for pDsRed2-C1 expressing red fluorescent protein (BD Biosciences), enabling us to determine that under these conditions, 65% of the enhanced GFP (EGFP ϩ ) cells coexpress both the transfected vectors (data not shown). At 24 hours after transfection, the cells were treated with CH-11 or control IgM for the indicated time and subjected to flow cytometry analysis of apoptosis as described (see "Analysis of apoptosis and Fas protein expression by flow cytometry"), gating for EGFP ϩ cells. Fas expression in EGFP ϩ cells was determined by flow cytometry 24 hours after transfection, using the UB2 antibody as described together with an APC-labeled goat antimouse secondary antibody (BD Biosciences).
EMSA
For electrophoretic mobility shift assay (EMSA), nuclear lysates were prepared as described by Andrews and Faller 30 and 5 g/lane was incubated with 32 P-labeled double stranded m67SIE probe in a DNA-binding reaction (20 mM HEPES [N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid], pH 7.9, 40 mM KCl, 1 mM MgCl 2 , 0.1 mM EGTA [ethylene glycol tetraacetic acid], 10% glycerol, 0.5 mM dithiothreitol, 2 g poly(dIdC)) for 30 minutes on ice. To identify specific DNA-binding proteins, nuclear extracts were preincubated with 2 g ␣-Stat3 (C-20X) or ␣-Stat1 (E-23X) antibodies (Santa Cruz Biotechnology), and the specificity of binding was corroborated by cold probe competition (data not shown). DNA protein complexes were separated by migration on a 6% polyacrylamide gel, and the DNA-binding complexes were visualized by autoradiography.
Statistical analysis
Statistical analysis was done by analysis of variance (ANOVA) followed by multiple comparison by the Fisher method using StatView software (Cary, NC).
Results
Bcl-2 and Bcl-X L levels are not down-regulated by IFNs in U-266-1970
Expression of antiapoptotic Bcl-2 family proteins, such as Bcl-2 and Bcl-X L , has previously been associated with apoptosis resistance in MM. 12, 31, 32 Interestingly, IFN-induced apoptosis of MM cells has been correlated with Bcl-X L down-regulation and Bcl-2 cleavage. 31 To investigate the possibility that IFN treatment sensitizes MM cells to Fas-mediated apoptosis through regulation of Bcl-2 family proteins, we performed an RPA using RNA prepared from IFN-induced U-266-1970 cells and the hAPO-2c template set (Figure 1, Figure S1A Figure 1G . No other Bcl-2-related gene included in the template was appreciably (Ͼ 2 times) affected ( Figure 1A ). To further explore this finding, we analyzed the levels of Bcl-X L and Bcl-2 protein after IFNstimulation ( Figure 2A ). Although a slight increase in Bcl-X L mRNA was noted by RPA analysis, the protein levels of Bcl-X L and Bcl-2 remained unchanged during IFN treatment in U-266-1970 cells. Additionally, no Bcl-2 cleavage was detected by Western blot.
Turning to other potential targets of IFN, we performed RPAs using multiprobe template sets covering a variety of apoptosisrelated genes. Using the hAPO-6 template set, containing among others Harakiri, apoptosis signal-regulating kinase 1, death associated protein (DAP), and DAP kinase, quantification did not detect any substantial (Ͼ 2 times) changes in gene expression during IFN-treatment in U-266-1970 cells ( Figure 1B , Figure S1B , and data not shown).
A strong up-regulation of TRAIL and a modest up-regulation of Fas are detected after IFN-treatment in U-266-1970 cells and in primary MM cells
Next, we examined the transcriptional regulation of a number of genes that are more directly associated with death-receptor signaling. The template sets hAPO-3b ( Figure 1C and Figure S1C ) and hAPO-3c ( Figure 1D ) both contain caspase-8, receptor-interacting protein (RIP), Fas, and FasL. RIP is a proapoptotic protein implicated in caspase-independent pathways during Fas-mediated apoptosis. 33 RIP mRNA expression was transiently increased at early times in response to IFN treatment, but the expression had returned to basal level before 96 hours after induction, when sensitization to Fas-mediated apoptosis is most pronounced ( Figure 1G) . A moderate up-regulation of Fas mRNA, up to 4 times, was seen in response to both IFN-␣ and IFN-␥, consistent with our previous observations. 2 The relative levels of Fas mRNA in U-266-1970 cells as compared to the internal standard mRNA are shown in Figure 1G . This increase was sustained for 96 hours after induction and mirrored by an elevated Fas protein expression on the surface of IFN-treated cells, detected by fluorescence-activated cell sorting (FACS) analysis ( Figure 2B ). The levels of caspase-8 and FasL mRNA remained unchanged during IFN treatment.
Transcription of c-FLIP, encoding a caspase-8 binding inhibitor of death receptor-induced apoptosis, was slightly up-regulated by IFN-␣ treatment ( Figure 1C,G) . The c-FLIP protein is present in 2 splice forms, the long form, FLIP L , and the short form, FLIP S . FLIP S has been suggested to be a more potent apoptosis inhibitor. 34 Because the RPA probe did not distinguish between these 2 forms, we performed a Western blot to assay alterations in the expression of these forms following IFN treatment (Figure 2A ). Whereas FLIP L levels remained unchanged, FLIP S was slightly up-regulated by IFNs and, after 72 hours of stimulation, also by IL-6 alone.
Interestingly, the TNF-related apoptosis-inducing ligand (Apo2L/ TRAIL) was rapidly and potently up-regulated in response to both IFN-␣ (Ͼ 100 times) and IFN-␥ (6 times; Figure 1D ,G), while remaining at a fairly constant level in the presence of IL-6 alone ( Figure 1E ). IFN-␣-induced up-regulation of Apo2L/TRAIL was also confirmed on the protein level (Figure 2A ). In contrast, the regulation of Apo2L/TRAIL protein in response to IFN-␥ was less evident (in agreement with a modest mRNA up-regulation) and could only be detected at longer exposure (data not shown). The expression of Apo2L/TRAIL receptors DR5 and DR4 remained unaffected.
To determine whether the IFN-induced regulation of gene expression in U-266-1970 is a unique property of this particular cell line, we studied the transcriptional response to IFNs in the MM cell line U-1958. These cells share several features with the U-266-1970 cell line, including IL-6 dependence and the ability to be sensitized for Fasmediated apoptosis by pretreatment with IFNs. 2 Using RPAs with the multiprobe templates hAPO-2c, hAPO-3b, and hAPO-3c, we found that U-1958 cells respond similarly to IFNs as U-266-1970 cells, exhibiting a modest up-regulation of Fas and a strong up-regulation of Apo2L/ TRAIL in response to both IFN-␣ and IFN-␥, whereas other genes of the apoptotic machinery remained largely unaffected ( Figures 1F,H and Figure S2A, B) .
To study the regulation of Apo2/TRAIL and Fas mRNA expression in primary MM cells, purified CD138 ϩ cells from 11 patients with MM were subjected to treatment with IL-6 alone or in combination with IFN-␣ for 24 hours. From primary cells of 6 MM patients, total RNA was isolated and quantitative real-time PCR was performed using ␤-actin as an internal standard. In all primary MM cell samples analyzed, we could confirm the IFN-induced up-regulation of the Apo2L/Trail gene (range 3.5-184 times; Figure 3A ) and of the Fas gene (range 2-6.6 times; Figure 3B ). Reflecting a previously known heterogeneity of primary MM cells, 4 of 11 responded to IFN-␣ by a decrease in the number of viable cells as determined using resazurin assay (patients II, IV, V, and VIII; Figure 3C ). The sensitizing effect of IFN-␣ on apoptosis induced by the agonistic anti-Fas antibody CH-11 in the MM 
could be confirmed in 4 of 11 cases (patients III, V, VII, and VIII; Figure 3C ).
The sensitizing effect of IFNs on Fas-mediated apoptosis cannot be blocked by inhibiting TRAIL
IFN-␣-induced apoptosis of Fas-resistant MM cells has been suggested to be mediated through induction of Apo2L/TRAIL, followed by an autocrine stimulation of Apo2L/TRAIL receptor signaling. 31 Therefore, we investigated the functional importance of the up-regulation of Apo2L/TRAIL by IFNs in terms of apoptosis sensitization.
Twenty-four hours of incubation with the agonistic anti-Fas antibody CH-11 resulted in 27% apoptotic cells, whereas pretreatment with IFN-␥ for 96 hours before addition of CH-11 increased the percentage of apoptotic cells to 51% (Figure 4) . To evaluate if an IFN-induced, autocrine Apo2L/TRAIL loop is involved in IFN-induced sensitization to Fas-mediated apoptosis, we inhibited Apo2L/TRAIL using rhTRAIL-R1: Fc, consisting of the extracellular domain of human TRAIL-R1, which is fused to the Fc portion of human IgG1. Incubation with rhTRAIL-R1:Fc reduced TRAILinduced apoptosis (26% annexin V ϩ /PI Ϫ ) to background levels (11%). In cells pretreated with TRAIL-R1:Fc in combination with IFN-␥, the percentage of apoptotic cells following incubation with CH-11 (53%) was similar to the percentage seen in CH-11-exposed cells pretreated with IFN-␥ alone (51%), suggesting that the sensitizing effect of IFNs to Fas-mediated apoptosis is unlikely to be due to Apo2L/TRAIL induction.
IFN-induced sensitization of MM cells to Fas-mediated apoptosis is associated with an increased activation of caspase-8
Apo2L/TRAIL and Fas-mediated signaling pathways converge downstream of caspase-8 activation, eventually leading to apoptosis. However, IFN treatment sensitizes MM cells to Fas-mediated apoptosis, but not TRAIL-induced apoptosis (data not shown). Therefore, we reasoned that at least part of the sensitizing effect of IFNs must be associated with Fas-specific signaling events upstream of caspase-8 activation. We analyzed the effect of IFNs on caspase-8 activation by Western blot by comparing the cleavage of caspase-8 in IFN-treated cells following Fas and TRAIL stimulation. Interestingly, we found that IFN treatment enhanced Fasmediated cleavage of caspase-8, suggesting that IFN-induced sensitization of Fas-mediated apoptosis does indeed occur upstream to caspase-8 activation ( Figure 5A ). To further monitor caspase-8 activity, we analyzed caspase-8-induced cleavage of Ile-Glu-Thr-Asp-p-nitroanilin (IETD-pNA) using the BD ApoAlert Caspase Colorimetric Assay Kit. In concordance with an increased cleavage of caspase-8, we found that IFN treatment augmented caspase-8 activation following Fas stimulation ( Figure 5B ). The IFN-induced increase in caspase-8 activation occurred only in response to Fas stimulation, and a similar increase was not evident when cells were treated with IFNs in combination with TRAIL or control IgM. Instead, IFN-␣ attenuated TRAIL-induced caspase-8 activation ( Figure 5A-B) .
High Fas expression correlates to increased sensitivity to Fas-mediated apoptosis
Given the specific increase in Fas-mediated caspase undergo Fas-mediated apoptosis. U-266-1970 cells with a high or low expression of Fas were separated using FACS. After sorting, the cells were allowed to recover for 4 days. The cells were then incubated with CH-11 for 24 hours and an annexin V/PI apoptosis assay was performed ( Figure 6B ). Interestingly, cells expressing a U-266-1970 cells were treated with IL-6 (20 U/mL) alone or in combination with 1000 U/mL IFN-␣ or 1000 U/mL IFN-␥ for 96 hours, followed by a 6-hour incubation with agonistic anti-Fas antibody CH-11, recombinant soluble Apo2L/TRAIL (TRAIL), or isotype-specific control IgM. Whole cell extracts were prepared and Western blot analysis was performed as described in "Patients, materials, and methods" using specific antibodies against caspase-8 and ␤-actin. The uncleaved, full-length caspase-8 (p57) and the cleaved and activated forms (p41/p43 and p18) of caspase-8 are indicated. One representative experiment of 3 performed is shown. (B) Colorimetric assay of caspase-8 activity. U-266-1970 cells were treated with IL-6 (20 U/mL) alone or in combination with 1000 U/mL IFN-␣ or 1000 U/mL IFN-␥ for 96 hours, followed by a 6-hour incubation with agonistic anti-Fas antibody CH-11, recombinant soluble Apo2L/TRAIL (TRAIL), or isotype-specific control IgM. The cells were then analyzed using the BD ApoAlert Caspase Colorimetric Assay kit. The bars represent the measured absorbance after 2 hours of incubation with the chromophore-coupled caspase-8 substrate. The graph shows one representative experiment performed in duplicate. Mean Ϯ SD (n ϭ 2). The asterisks indicate significant differences to the corresponding control values (P Ͻ .05). Figure 6C ) was coupled to a significantly increased sensitivity to Fas-mediated apoptosis (33% apoptotic cells) as compared to cells transfected with empty vector (22% apoptotic cells; Figure 6D ).
IFN-␥ and IFN-␣ induce Stat1 activation and attenuate IL-6-mediated Stat3 activation in U-266-1970 cells
It has previously been suggested that Stat3, induced by the MM survival factor IL-6, is a crucial mediator of MM survival, including resistance to Fas-mediated apoptosis. 12 Interestingly, Stat3, in a complex with c-Jun, has been shown to negatively regulate Fas expression, whereas Stat1 activation has been associated with increased transcriptional activation of the Fas promoter. 35, 36 To examine the possible role of STAT regulation in IFN-induced sensitization to Fas-mediated apoptosis in MM, we determined the effect of IFN treatment on the expression and activity of Stat1 and Stat3 transcription factors. We stimulated U-266-1970 cells with IFNs for different time periods and analyzed the levels of tyrosine phosphorylated Stat1 and Stat3 proteins. Because U-266-1970 cells are IL-6 dependent, well representing the in vivo situation, we also stimulated the cells with IL-6. As expected, IFN-␥ or IFN-␣ treatment caused a strong up-regulation of phosphorylated Stat1, and at later times total Stat1, whereas IL-6 treatment resulted in Stat3 phosphorylation ( Figure 7A-B) . Surprisingly, IL-6-induced Stat3 phosphorylation was markedly attenuated by the simultaneous addition of IFN-␥ or IFN-␣, evident at later time points (Figure 7A-B) . To determine if the changes in Stat phosphorylation were reflected by a change in DNA binding of Stat1 and Stat3 homodimers and heterodimers, we performed an EMSA using an m67SIE probe, containing a STAT-binding site (GAS, ␥-activated site). As Figure 7C shows, IL-6 induced formation of Stat3 homodimers, Stat1/Stat3 heterodimers, and, to a lesser extent, Stat1 homodimers. When IL-6 and IFN-␥ or IFN-␣ were administered in combination, the predominance of Stat3 homodimers was attenuated in favor of Stat1/Stat3 and Stat1/Stat1 DNA-binding complexes. An increased ratio of Stat1/Stat3 DNAbinding complexes was maintained by IFN-␥ treatment for 24 hours after induction, whereas IFN-␣ treatment had a less pronounced effect.
Discussion
IFNs have the potential to influence growth and survival in MM, on their own, or in synergy with other agents. Delineating the pathways involved in IFN simulation may lead to an increased understanding of MM tumor development and to definition of possible targets for therapeutic intervention. We have previously shown that IFNs can sensitize U-266-1970 MM cells for Fasmediated apoptosis. 2 In the current study, we explored the mechanism of this effect and the downstream effectors involved. In a wide screening for IFN-induced, apoptosis-associated genes, Apo2L/ TRAIL and Fas were identified. These genes were also upregulated in primary MM cells stimulated with IFN. We could not find any evidence supporting an involvement of Apo2L/TRAIL in the sensitization to apoptosis mediated by Fas. In contrast, an elevated level of Fas expression was associated with an increased susceptibility to Fas-mediated apoptosis. This finding was emphasized by the observation that MM cells could be sensitized to . At the indicated time points, the cells were harvested and protein extracts were prepared and analyzed by Western blot using antibodies specific for Tyr701 phosphorylated Stat1, Tyr705 phosphorylated Stat3, Stat1, Stat3, and ␤-actin. (C) U-266-1970 cells were treated with IL-6 (20 U/mL) alone or in combination with IFN-␥ (1000 U/mL) or IFN-␣ (1000 U/mL) for the indicated time points. Nuclear extracts were prepared and DNA-binding complexes were analyzed by EMSA, as described in "Patients, materials, and methods," using a 32 P-labeled m67SIE probe, containing a GAS site. The positions of Stat3/Stat3, Stat1/Stat3 and Stat1/Stat1 DNA-binding complexes are indicated by the supershift (Stat3) and reduction of the complexes (Stat1) as a result of the addition of specific antibodies (lanes 10 and 11) . The experiments in 7A-C were performed 3 times.
Fas-mediated apoptosis through Fas transfection alone. However, our data also suggest that IFNs may regulate additional targets regulating survival of these cells and that some of these potential targets may be activated downstream Stat1 or Stat3 signaling events. Apo2L/TRAIL has been shown to induce apoptosis of MM cell lines and freshly isolated MM cells and has also been suggested to mediate IFN-␣-induced apoptosis of U-266-1984 cells. 31 In addition, Apo2L/TRAIL is highly homologous to the Fas ligand and the apoptosis pathways used by Apo2L/TRAIL and FasL share multiple downstream components, suggesting a plausible basis for synergy between these 2 systems. However, preincubation of the Apo2L/TRAIL-blocking agent rhTRAIL-R1:Fc in combination with IFN had no apparent effect on the susceptibility to Fasmediated apoptosis, whereas Apo2L/TRAIL-induced apoptosis was efficiently blocked. Although we cannot exclude the possibility that internal loops of Apo2L/TRAIL, not accessible by external blocking, may be active, our data provide no evidence for an involvement of Apo2L/TRAIL in IFN-induced sensitization to Fas-mediated apoptosis. Intriguingly, IFNs had no effect on the susceptibility to Apo2L/TRAIL-induced apoptosis, suggesting that the targets of sensitization may be narrowed down to those uniquely found in Fas-mediated apoptosis. This is further supported by the finding that IFN treatment increases Fas-mediated caspase-8 activation, an early signaling event directly downstream of receptor trimerization.
Our results indicate that an up-regulation of a specific part of the Fas death pathway, namely, the receptor itself, is an underlying mechanism in IFN-induced sensitization to Fas-mediated apoptosis. The observed IFN-induced Fas up-regulation in U-266-1970 cells does not reflect an increased percentage of Fas-expressing cells but rather an increased overall expression. 2 The relevance of an increased Fas expression in these cells is not obvious. The relatively abundant basal expression of Fas on the surface of U-266-1970 is not reflected in a high degree of sensitivity to Fas-mediated apoptosis, which would imply that the amount of Fas is unlikely to be a limiting factor. Furthermore, many studies have pointed out the lack of correlation between the Fas expression in myeloma cell lines and their respective sensitivity to Fas-mediated apoptosis. [37] [38] [39] Nevertheless, our data show that an increased basal expression of Fas, either in a subpopulation of U-266-1970 cells or in Fas-transfected cells, is indeed associated with a higher sensitivity to Fas-mediated apoptosis in U-266-1970 cells. This suggests that the IFN-induced shift to a more sensitive phenotype is mechanistically linked to an up-regulation of Fas. This is in accordance with a previous study by Shain et al, showing that clonal variability in Fas expression determines sensitivity to Fas-mediated apoptosis in RPMI 8226 MM cells. 40 However, the increase in Fas-mediated apoptosis observed when Fas was ectopically expressed was, although clearly significant, less dramatic than that observed after IFN treatment, implying that the sensitization by IFNs may involve additional mechanisms. It should be noted that the cotransfection efficiency obtained under these conditions is 65%. Therefore, the enhanced apoptosis sensitivity due to ectopic Fas expression is likely to be underestimated.
The finding that IFN treatment, in addition to activating Stat1, attenuated Stat3 activation in MM cells is, to our knowledge, completely new. The relevance of this finding is emphasized by the newly established role of Stat3 as a crucial prosurvival mediator in many cancers. 11 In MM, IL-6-induced activation of Stat3 has been associated with resistance to apoptosis, including Fas-mediated apoptosis. 12 Conversely, inhibition of Stat3 by the JAK-inhibitor AG490, and, to a lesser extent, expression of dominant-negative Stat3, sensitizes U-266-1984 MM cells to Fas-mediated apoptosis. 12 In contrast, the role of Stat1 in MM survival has not been elucidated. Stat1 activation has been shown to influence apoptosis in many systems by transcriptional regulation of proapoptotic genes, including several caspases. 14, 15, 41 Importantly, Fas can be positively regulated by Stat1-dependent mechanisms in response to IFN treatment, 35 whereas Stat3, in complex with c-Jun, suppresses Fas transcription. 36 Interestingly, it has been suggested that the balance between Stat1 and Stat3 could influence survival by exerting opposing effects on the expression of the very same gene, including the Bcl-2 gene and the Bcl-X L gene. 20 Our results imply that in MM, IFN-induced activation of Stat1 may, directly or indirectly, counteract Stat3 activation and thus overcome resistance to Fas-mediated apoptosis by shifting the balance from activation of prosurvival genes in favor of proapoptotic ones. However, aside from Fas, these target genes have yet to be elucidated. Studies investigating the precise role of STAT regulation in MM apoptosis resistance are currently underway.
